

[) The concept of optical amplifiers, based upon the 
capability of certain materials, particularly on a 
5 macroscopic level, is well known. Thus, for example, it 
is known to place a pumping light source and a single 
crystal neodymium-yttr ium aluminum garnet ( ND: YAG) rod, 
several millimeters in diameter and several centimeters in 
lenqth, in a tubular reflective cavity. For example, the 
10 liaht source and ND : YAG rod may be located, respectively, 
to extend along the two foci of a cavity having an 
elliptical cross section. In such an arrangement, light 
emitted by the light source and reflected from the cavity 
walls will impinge upon the ND: YAG rod. The light source 
15 is preferably selected to emit wavelengths corresponding 
to the absorption spectra of the ND : YAG crystal so that 
the neodymium ions of the crystal are inverted to an 
energy level above the upper lasing level. After 
inversion, an initial relaxation of the neodymium ions 
20 through phonon radiation yields an ion population at the 
upper lasing level. From this level, the ions will relax 
to a lower lasing level, emitting light of a wavelength 
which is characteristic of the ND: YAG material. 
Advantageously, the lower lasing level is above the ground 
25 level for the ions so that a rapid, phonon-emitting 
relaxation will occur between the lower lasing level and 
the ground level, enabling a high inversion ratio to exist 
between the upper and lower lasing levels within the 
pumped ions. 

30 With the population so inverted, as is well known from 

laser technology, the ND:YAG will provide a very slow 
fluorescence, that is, random emission of incoherent 
liaht. This spontaneous radiation, however, has a minimal 
effect on the amplifying rod, since the average lifetime 

35 of ions in the inverted state is 230 microseconds, in 
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If. after some of the neodymium ions of the ND: YAG roc 
ha ve b en inverted, a light signal at the lasing freguenc 
is transmitted through the rod, the light signal 

rigger the relaxation of the neodymium ions caus 
coherent emission of stimulated radiation, which will 
effectively add to the transmitted signal, thus amplifying 

"^"sorption length of the 

m A the length of material 
within the ND: YAG crystal (i.e., tne xeng 

h which the illumination must traverse be ore abou 
fS 65% Of the illumination is absorbed, is typically in the 
it range between 2 and 3 millimeters, and thus the ND YAG 
b crystals used in transverse pumping structures 

described previously have had diameters at least this 
larg l that the crystal could absorb a * 
Portion of the pumping radiation during the initial 
Election from the cavity walls and passage through he 

cr tal- «. initlal t " VerS ; 

crystal, the pumping illumination is not absorbed, it is 

likely to be reflected by the cavity walls back to the 

Tight source, where it will be reabsorbed, generat ng heat 

in the light source and reducing the overall efficiency of 

the amplifier. in £iber eptic 8y8 tems, 

When such amplifiers are u i arae 
s it h.s been thought nec.ss.ry. oec.u.e <>« '•>• 
' a „er.nc. U h.t.ee„ the optic! «lb« ~ » 

HD-YAG cr,.t.l. to use optic.l co.pon.nt.. such .e lenses. 

to'focus li 9 ht fro. th. optic.1 «h.r into the m.U* 

1 th, .pllfK* "Oht sl,n.l fro. th. .«« - > < 
. into .nothet „«. -h ^ ££\ 

t „ -nd the 8 i Z e of the ND: YAG rod make the 
optical components and tne bim «*• ,.-«,i e »i 
t „ ^«i»tivelv large, and thus impractical 
amplifying system relatively iarg re i at ively 
J5 for certain applications. Furthermore, the * 
,.m. size of the ND:YAG rod introduces beam wander within 
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the rod due to thermal effects. Thus, the signal from the 
input fiber optic element will traverse different paths 
through the rod, a characteristic which is temperature 
related and varies with time, so that the output light may 
5 be lost due to the fact that the fiber will accept only 
light within a small acceptance angle. Thus, as the beam 
within the ND; YAG rod wanders, the output signal may vary 
in an uncontrollable manner. Furthermore, the large size 
of the ND: YAG rod requires a large amount of input energy 
10 in order to maintain a high energy density within the 
rod. Such large pump power requires high output light 
sources, generating substantial heat which must be 
dissipated, typically by liquid cooling of the cavity. 

While amplifiers of this type are useful in many 
15 applications, such as some communications applications, a 
use which puts severe limitations upon the amplification 
system is a recirculating fiber optic gyroscope. With 
such gyroscopes, an optical fiber, typically a kilometer 
or more in length, is wound into a loop, and a light 
20 signal is recirculated within the loop in both 
directions. Motion of the loop causes a phase difference 
between the counter-propagating light signals which may be 
used to measure gyroscope rotation. It is advantageous, 
because the phase shift induced in one rotation is 
25 relatively small and because periodic outputs relating to 
rotation are required, to recirculate input light within 
the loop as many times as possible. 
p In traversing a kilometer of optical fiber, an optical 

l> signal will typically lose 30 to 50 percent of its 
30 intensity. An amplifier, if capable of amplifying the 
bidirectional counter-propagating light signals, would 
permit a light signal to propagate many more times within 
the loop, if the amplifier were placed in a series with 
the loop, and provided a gain equal to the propagation 
35 loss. 
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Unfortunately, the relatively large size, high power 
requirements caused by relatively inefficient performance, 
beam wander effects, and cooling requirements of prior art 
ND: YAG roa amplifiers makes such amplifiers relatively 
impractical for high accuracy gyroscopes. These factors, 
of course, also limit the utility of such amplifiers in 
other applications, such as communication networks. 
|9 CX ^ K Summary of the Invention 

The disadvantages associated with crystal rod 
amplifiers are alleviated in the present invention. This 
invention permits end pumping of the ND: YAG material, and 
thus, completely avoids the requirement for a large 
diameter for this crystal which is inherent in side 
pumping arrangements. The ND: YAG fiber may thus be made 
extremely small in diameter in comparison with prior art 
rod amplifiers, since the pumping illumination is absorbed 
along the length of the fiber, rather than across its 
width. This results in a higher concentration of pumping 
illumination within the small diameter of the ND: YAG 
crystal and thus a higher potential gain for the 
amplifying structure. 

In order to accomplish this end pumping, the ND: YAG 
material is formed as a small diameter fiber and is placed 
in series with the optical fiber which is transmitting the 
signal to be amplified. 

Adjacent to the ND: YAG fiber, the optical fiber passes 
through a multiplexing optical coupler. Within this 
multiplexing coupler, a pair of optical fibers are 
arranged with a carefully selected interaction length to 
provide a high fiber-to-fiber coupling efficiency at the 
wavelength of the pumping source, but a low coupling 
efficiency at the wavelength of the signal to be 
amplified. This results in a coupling of the pumping 
illumination into the optical fiber which is carrying the 
signal, and thus into the ND: YAG fiber, while 
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u to be a^pHfie,, since this signal is not couple* fro* 

k fiber of the ..ultiplexing coupler, 

the optical fiber ln>entlon pern.it. the pu-pmg 

■■■•=F£rrr.^r.^.-r.: 

s for gu.oing to the of ab5 „rption length 

„, the »D=Y»= fiber ne.a not exc.e It _ 1Uu „ in . tl „„ 
„ the puling T .l.n,th. the axis of 

1. effectively absorbed in . , xls . 
the NO.™ «iber r.ther then perpenoieu l.r o ^ 

l0 n 8l „g this err.nge.ent. flber 

continuously supplied » «- ^'"^J- c . rryl „ g 
.ithout interfering -ith its 8 u ,. 0 

cherecteristics. Thus, since . four-port couple 

» :rr :: 8 .u f r 'for:ir.ct -^^-j^rr 

20 m order to pumping 

amplification within th multiple xing couplers 

Urination ma y fiber. providing a 

arranged at both ends of the nd.x 
symmetrical inversion population along the length 

|; The8 e and other "^^JZT*^. in 
are best understood through reference to 

* hl 2H^ 1 ^ a cross sectional view of the fiber optic 
30 <£o»»> 1 18 * C ; ultiple xer in the present invention 

coupler used as a «1 P g nounte(J in 

showing a pair of fiber op Qf 
respective arcuate grooves with a given 

curvatureof ^f^^ sectional views of the 

35 aA- ^ ^ aiong une8 2;2 and 
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Figure As a perspective view of the lower base of 
the coupler of Figure 1 separated from the other base , to 
show its associated fiber mounting and the oval-shaped 
facing surface of the fiber; 
5 Figure s/is a schematic diagram showing the evanescent 

fields of the pair of fibers overlapping at the 

interaction region; „„ UOT . 

Figure 6/ is a chart showing relative coupled power 
versus signal wavelength for a fiber coupler having a 
10 £ minimum fiber spacing of 4 microns, an offset of 0 nucron, 
6> and a fiber radius of curvature of 25 centimeters; 

Figure 7>is a chart of relative coupled power versus 
signal wavelengths similar to Figure 6 but with a fiber 
& radius of curvature of 200 centimeters; 

Figure /is a chart of relative coupled power versus 
signal wavelength for a fiber coupler having a minimum 
a fiber spacing of 4 microns, a fiber radius of 200 
centimeters, and a selectable fiber offset, 

Figure / is a schematic diagram showing the 
directional amplifier of the present invention, 

Figure lO^is a diagram showing the absorption spectrum 

of ND-.YAG at 300°K;. / 0 JlllL a/ ^' 

FlgureS^s-^simpliTied energy level diagrams of a 
four-level laser using a doped material, such as ND»XAG; 

Figure 12/ is a schematic diagram of a symmetrica 
bidirectional amplifier in accordance with the present 

invention; ,. ({flr 
Figure 13 /s a schematic diagram of an amplifier 
system, including a multiplexing coupler for sxgnal 
30 insertion and signal sensing in a closed fiber loop. 
Vf/MAy.-.,-, rv^rintion of the Preferred Embodiment 

Pin order to gain a detailed understanding of the 
operation of the fiber optic amplifier of this xnvent on 
it is necessary to understand the manner in which a fiber 
35 tic coupler can be constructed to selectively couple 
* - . uhUo not coupling a secona 
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optical frequency. The apparatus, as well as methods for 
constructing the apparatus, required for such selective 
coupling, are disclosed in copending patent application 
, en^iJOfiJi-J^assive. Fiber Optic Multiplexer" , filed in the 
5 D (United StatesV-Patent) Office (November 9, 1981, bearing 
f> ^eHgn^^ 319,301, and listing .Herbert J. Shaw and 
Michel J.F. Digonnet as investors. That application is 
assigned to the assignee of the present invention. That 
application is hereby incorporated herein by reference. 
Nonetheless, the principal characteristics of that device 
and its method of manufacture are described below. 

This invention utilizes a passive multiplexer which 
utilizes a fiber optic coupler. This coupler 10 is 
illustrated in Figures 1-4, and includes two strands 12A 
15 and 12B of a single mode fiber optic material. The fiber 
strands 12A and 12B, in the embodiment shown, have a core 
radius of 2 microns, a core refractive index of 1.46 and a 
cladding index of 1. 456. The strands 12A and 12B are 
mounted in longitudinal arcuate grooves 13A and 13B, 
20 respectively, formed in optically flat confronting 
surfaces 14A and 14B, respectively, of rectangular bases 
or blocks 16A and 16B, respectively. The block 16A with 
the strand 12A mounted in the groove 13A will be referred 
to as the coupler half 10A and the block 16B with the 
25 strand 12B mounted in the groove 13B will be referred to 
as the coupler half 10B. 

Each of the strands 12A and 12B comprise an optical 
fiber which is doped to have a central core and an outer 
cladding. The strands 12A , and 12B may comprise a 
30 commercially available fiber of quartz glass which is 
doped to have a central core and an outer cladding. The 
index of refraction of the fibers 12A and 12B should be as 
nearly as possible identical, and both of the strands 12A 
and 12B should include a central core which is 
35 sufficiently small to provide single mode transmission at 

the onHral fromi 



12A and 12B typically have a core diameter on the order of 
10 microns or less and a cladding diameter on the order of 
125 microns. In the embodiment disclosed, the diameter of 
the strands 12 and their respective cores are 
exaggerated. As will be understood in more detail form 
the description which follows, the fiber 12B is used to 
transmit the signal to be amplified while the fiber 12A is 
used to couple pumping illumination to the fiber 12B. For 
this reason, the fiber 12B will be referred to as the 
signal fiber while the fiber 12A will be referred to as 
the pumping fiber. 

The arcuate grooves 13A and 13B have a radius of 
curvature which is very large compared to the diameter of 
the fibers 12, and have a width slightly larger than the 
fiber diameter to permit the fibers 12, when mounted 
therein, to conform to a path defined by the bottom walls 
of the grooves 13. The depth of the grooves 13A and 13B 
varies from a minimum at the center of the blocks 16A and 
16B, respectively, to a m ax imum ot the e d goa of tho hlnrkfK 
imul -h.h , i m.Li M dutlvifIVf to a maximum at the edges of 
the blocks 16A and 16B, respectively. This advantageously 
permits the fiber optic strands 12A and 12B, when mounted 
in the grooves 13A and 13B, respectively, to gradually 
converge toward the center and diverge toward the edges of 
the blocks 16A, 16B, thereby eliminating any sharp bends 
or abrupt changes in direction of the fibers 12 which may 
cause power loss through mode perturbation. In the 
embodiment shown, the grooves 13 are illustrated as being 
rectangular in cross section, however, it will be 
understood that other suitable cross sectional contours 
which will accommodate the fibers 12 may be used 
alternatively, such as a U-shaped cross section or a 
V-shaped cross section. 

At the centers of the blocks 16, in the embodiment 
shown, the depth of the grooves 13, which mount the 
j- i *.w._ an .ofor nf the strands 12, 



while at the edges of the blocks 16, the depth of the 
grooves 13 is preferably at least as great as the diameter 
of the strands 12. Fiber optic material was removed from 
each of the strands 12A and 12B e.g. by polishing, to form 
the respective oval-shaped planar surfaces 18A, 18B, which 
are coplanar with the confronting surfaces 14A, 14B, 
respectively. These surfaces 18A, 18B, will be referred 
to herein as the fiber "facing surfaces". Thus, the 
amount of fiber optic material removed increases gradually 
from zero towards the edges of the block 16 to a maximum 
towards the center of the block 16. This tapered removal 
of the fiber optic material enables the fiber cores to 
converge and diverge gradually, which is advantageous for 
avoiding backward reflection and excess loss of light 
energy. 

In the embodiment shown, the coupler halves 10A and 
10B are identical, and are assembled by placing the 
confronting surfaces 14A and 14B of the blocks 16A and 16B 
together, so that the facing surfaces 18A and 18B of the 
strands 12A and 12B are in facing relationship. 

An index matching substance (not shown), such as index 
matching oil, is provided between the confronting surfaces 
14. This substance has a refractive index approximately 
equal to the refractive index of the cladding, and also 
functions to prevent the optically flat surfaces 14 from 
becoming permanently locked together. The oil is 
introduced between the blocks 16 by capillary action. 

An interaction region 32 is formed at the junction of 
the strands 12, in which light is transferred between the 
strands by evanescent field coupling. It has been found 
that, to insure proper evanescent field coupling, the 
amount of material removed from the fibers 12 must be 
carefully controlled so that the spacing between the core 
portions of the strands 12 is within a predetermined 
"critical zone". The evanescent fields extend into the 



respective cores. Thus, sufficient material should be 
removed to permit each core to be positioned substantially 
within the evanescent field of the other. If too little 
material is removed, the cores will not be sufficiently 
5 close to permit the evanescent fields to cause the desired 
interaction of the guided modes, and thus, insufficient 
coupling will result. Conversely, if too much material is 
removed, the propagation characteristics of the fibers 
will be altered, resulting in loss of light energy due to 
10 mode -perturbation. However, when the spacing between the 
cores of the strands 12 is within the critical zone, each 
strand receives a significant portion of the evanescent 
field energy from the other strand, and good coupling is 
achieved without significant energy loss. The critical 
15 zone is illustrated schematically in Figure 5 as including 
that area, designated by the reference numeral 33, in 
which the evanescent fields, designated by reference 
numerals 34A and 34B, of the fibers 12A and 12B, 
respectively, overlap with sufficient strength to provide 

20 coupling, i ach core is within the evanescent field 

of the other. 

The blocks or bases 12 may be fabricated of any 
suitable rigid material. In one presently preferred 
embodiment, the bases 12 comprise generally rectangular 
25 blocks of fused quartz glass approximately one inch long, 
D one inch wide, and 0.4 inch thick. In this embodiment, 
the fiber optic strands 12 are secured in the slots 13 by 
suitable cement 38. such as epoxy glue. One advantage of 
the fused quartz blocks 16 is that they have coefficient 
30 of thermal expansion similar to that of glass fibers, and 
this advantage is particularly important if the blocks 16 
and fibers 12 are subjected to any heat treatment during 
the manufacturing process. Another advantage of the fused 
quartz blocks is that, as they are made of the same 
35 material as the optical fiber, they polish at the same 

-.. - .u - — „.j*i» • *-/>n*- i minus 



support to the fiber during polishing. Other suitable 
materials for the block 16 include silicon, which also has 
/ excellent thermal properties for this application. 
'( Operation of the Coupler 10 
5 pThe coupler 10 includes four ports, labeled A, B, C, 

and D in Figure 1. When viewed from the perspective of 
Figure 1, ports A and C, which correspond to strands 12A 
and 12B, respectively, are on the left-hand side of the 
coupler 10, while the ports B and D, which correspond to 

to the strands 12A and 12B, respectively, are on the right^) 
hand side of the coupler 10, For the purposes of 
discussion, it will be assumed that input light is applied 
to port A. This light passes through the coupler and is 
output at port B and/or port D, depending upon the amount 

15 of power that is coupled between the strands 12. In this 
regard, the term "normalized coupled power" is defined as 
the ratio of the coupled power to the total output 
power. In the above example, the normalized coupled power 
would be equal to the ratio of the power at port D to the 

20 sum of the power output at ports B and D. This ratio is 
also referred to as the "coupling efficiency", and when so 
used is typically expressed as a percent. Thus, when the 
term "normalized coupled power" is used herein, it should 
be understood that the corresponding coupling efficiency 

25 is equal to the normalized coupled power times 100. In 
this regard, tests have shown that the coupler 10 has a 
U> coupling efficiency of up to 100%. However, it will also 
be seen that the coupler 10 may be "tuned" to adjust the 
coupling efficiency to any desired value between zero and 

30 the maximum. Such tuning may be accomplished e.g. by 
relatively laterally sliding the fibers in a direction 
perpendicular to their length. The relative positions of 
the fibers may be defined in terms of their offset, i.e. 
the distance between the central axes of the fiber cores, 

35 measured in the direction perpendicular to their length. 




are superimposed, the offset is zero, and the offset 
increases as the fibers 12 are laterally separated by 
relatively sliding the blocks 16. 

The coupler 10 is highly directional, with 
5 substantially all of the power applied at one side of the 
coupler being delivered to the other side of the 
coupler. The coupler directivity is defined as the ratio 
of the power at port D to the power at port C, with the 
input applied to port A, Tests have shown that the 

10 directionally coupled power (at port D) is greater than 60 
db above the contra-direct ionally coupled power (at port 
C). Further, the coupler directivity is symmetrical. 
That is, the coupler operates with the same 
characteristics regardless of which side of the coupler is 

15 the input side and which side is the output side. 
Moreover, the coupler 10 achieves these results with very 
low throughput losses. The throughput loss is defined as 
the ratio of the total output power (ports B and D) to the 
input power (port A) subtracted from one (i.e., (P B + 

20 p d>/ p a)* Experimental results show that throughput losses 
of ^.2 db have been obtained, although losses of 0.5 db 
are more common. Moreover, these tests indicate that the 
coupler 10 operates substantially independently of the 
polarization of the input light applied. 

25 The coupler 10 operates on evanescent field coupling 

principles in which guided modes of the strands 12 
interact, through their evanescent fields, to cause light 
to be transferred between the strands 12. As previously 
indicated, this transfer of light occurs at the 

30 interaction region 32. The amount of light transferred is 
dependent upon the proximity and orientation of the cores, 
as well as the effective length of the interaction region 
32. As will be described in detail below, the amount of 
light transferred is also dependent of the wavelength of 

35 the light. The length of the interaction region 32 is, in 
turn, dependent uDon the radius of curvature of the fibers 



12 , and, to a limited extent, the core spacing, although 
it has been found that the effective length of the 
interaction region 32 is substantially independent of core 
spacing. However, the "coupling length", i.e., the length 
within the interaction region 32 which is required for a 
single, complete transfer of a light signal from one fiber 
12 to the other, is a function of core spacing, as well as 
wavelength. In one exemplary embodiment, employing an 
edge-to-edge core spacing of about 1.4 microns, and a 
radius of curvature on the order of 25 centimeters, the 
effective interaction region is approximately one 
millimeter long at a light signal wavelength of 633 nm. 
Because the coupling length at 633nm is also one 
millimeter in such a coupler, the light makes only one 
transfer between the strands 12 as it travels through the 
interaction region 32. However, if the length of the 
interaction region 32 is increased, or core spacing 
decreased, a phenomenon referred to herein as 
"overcoupling" will occur, since the coupling length is 
shorter than the effective interaction length. Under 
these circumstances, the light will transfer back to the 
strand from which it originated. As the interaction 
length is further increased, and/or the core spacing 
further decreased, the effective interaction length 
increases relative to the coupling length, and at least 
some of the light transfers back to the other strand. 
Thus, the light may make multiple transfers back and forth 
between the two strands 12 as it travels through the 
region 32, the number of such transfers being dependent on 
the length of the interaction region 32, the light 
wavelength (as described below), and the core spacing. 

Since the coupling length in a single mode fiber 
coupler, as described above, shows a strong dependence on 
signal wavelength, as described in detail in the copending 
application incorporated above, it is possible with 
n^no^iu nhncpn n*»r»Tn«tr i eal Darameters for the coupler 10, 



to totally couple one signal wavelength while a second 
signal wavelength remains essentially uncoupled. This 
phenomenon permits the combination of two signals fed into 
the ports on one side of the coupler 10. Thus, as shown 
5 in Figure 1, if a pumping signal having a wavelength^ is 
fed into port A of coupler 10, and a signal to be 
amplified, having a wavelength ^ 2 is coupled to port C, 
and the geometry is properly sefected, both signals can be 
combined at port D, with virtually no light output at 

10 port B. . 

To illustrate this wavelength dependence, Figure 6 
provides a plot of coupled power versus signal wavelength 
in the visible and near infrared spectrum for a particular 
coupler geometry. Because for this coupler configuration 
15 the effective interaction length of the coupler is an odd 
P multiple of the coupling length for the wavelength 720 nm, 
but an even multiple of the coupling length for the 
6 wavelength 550 nm, the wavelength 720 nm will be 100% 
P coupled, while the wavelength 550 nm will be effectively 
2° ^uncoupled. With different efficiencies, different 
wavelengths may be combined or separated. For instance, 
6 590 nm and 650 nm may be separated or combined at an 80% 
efficiency. 

Virtually any pair of wavelengths j*i»^>2> «■» be 
25 efficiently combined or separated so long as the effective 
interaction length is an even multiple of the coupling 
length for one wavelength and an odd multiple for coupling 
length for the other wavelength. As the number of 
coupling lengths within the effective interaction length 
30 increases, the resolution of the multiplexer is 
enhanced. As is described in detail in the incorporated 
reference, the multiplexer resolution may be enhanced by 
increasing the radius of curvature of the fibers 
12A,12B. Provided that the interaction length of the 
35 coupler is laroe enough, virtually any two signals may be 



The interaction length is a function of wavelength, 
and the resolution is approximately proportional to 
(R)^^ As R increases, the effective interaction length 
increases, and becomes a higher multiple of the coupling 
length, improving resolution. This result is illustrated 
in Figure 7, which is comparable to the graph of Figure 6, 
except that the radius of curvature has been increased to 
200 centimeters. As anticipated, this increase in radius 
improves the coupler resolution near g » 600nm from 
approximately 170 run in the 25 centimeter radius example 
of Figure 6 to approximately 60 nm in the 200 centimeter 
case. u 

The resolution of a multiplexing coupler depends on 
two independent parameters, H (fiber spacing) and R 
(radius of curvature of the fibers). For a given pair of 
signal wavelengths, efficient mixing may be achieved by 
first properly selecting a fiber spacing H for the coupler 
which yields a large wavelength dependence for the 
wavelengths of interest (choice of H), and then by 
selecting a radius of curvature which yields a resolution 
equal to the difference between the wavelengths (choice of 
R). 

After the resolution of the coupler has been set in 
accordance with the wavelengths to be separated, the 
coupler may be tuned to precisely adjust the coupling 
lengths for the wavelengths of interest so that the 
effective interaction length is an even multiple of the 
coupling length of one wavelength and an odd multiple of 
the coupling length of the other wavelength. This is 
accomplished by offsetting the fibers by sliding the 
blocks 16A,16B (Figure 1) relative one another in a 
direction normal to the axis of the fibers 12A,12B. Such 
an offset has the effect of increasing the minimum fiber 
spacing H and increasing the effective radius of curvature 
of the fibers. If the required offset is small enough , it 
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within th. optic! fiber system The dl— «» «« tbe 

„lth the diameter of HD.YM! rod. used in prior art 

.1 ifiers. For .,a„ple. an 

u *-v> a rrvstal 44 has a diameter of iuu 
c constructed in which the crystal *i 

' "cron.- E .en s».».r di.».t.r. « 'in! 
t . dieter of the single ~d. "«r 1». Coupling 
b et.ee„ the fiber 1» and the crystai «4 is 
the diameter of th. crystal 44 i. reduced and signal g«" 
10 » increased sine. th. density o, pu»pin, l.lu»ln.tiO 

fro. the source 42 within the crystal .4 incr.. the 

crystal 44 diameter is reduced. 
CLuK «n.vir. Amplification 

K herring now to Figure 10, which is a <^gra of the 
5 absorption spectrum of the ND: YAG crystal ^ & W K it 
5 ca n be seen that ND: YAG material has a "lately high 
optical density, and thus a short absorption length at 
selected wavelengths. For this reason, it is advisable to 
select the wavelength of the pumping illumination source 
10 42 in order to permit the absorption length to be as short 
possible. ■ This will permit substantially complete 
absorption of the pumping illumination within a very short 
length of the ND: YAG crystal 44. As can be seen from 
• „ ure 10. the wavelength(?.58 microns is best ^suite fo 

25 pumping illumination, although th lengths|.75 andg.81 

microns are relatively well suited. 

Referring now to Figure 11A, which is an energy level 
diagram for the ND:YAG crystal 44. it will be understood 
that, when pump light at the absorption "-length 
30 described above, is absorbed by the ND: YAG crystal 44 he 
neodymium ions are' excited from the ground state to the 
pump band. From the pump band, the ions cuic.ly relax 
through phonon interactions, to the upper l.sing lev ; 
From this upper lasing level, the neodymium ions 111 
35 undergo a relatively slow fluorescence to the lower 
35 unu« ty a final, rapid phonon 



relaxation occurs to the ground state. This latter rapid 
relaxation in a four-level laser system of the type shown 
in Figure 11A is advantageous, since the rapid phonon 
relaxation between the lower lasing level and the ground 
5 state provides a practically empty lower lasing level. 
This feature is shown in Figure 11B, in which the 
population densities at the pump band upper lasing level, 
lower lasing level, and ground state are shown for the 
ND:YAG crystal 44 during continuous pumping. Because the 
10 rate of fluorescence between the upper lasing level and 
lower lasing level is relatively slow in comparison with 
the phonon relaxation between the pump band and the upper 
lasing level, as well as between the lower lasing level 
and the ground state, the population density at the upper 
15 lasing level is substantially higher than that at the 
lower lasing level, yielding a high inversion ratio. The 
average lifetime of neodymium ions at the upper lasing 
level, prior to spontaneous fluorescence, is about ^30 
microseconds at 300°k in ND: YAG. ^ 
20 , The signal to be amplified is selected to have a 
k wavelength at the laser transition wavelength (1.064 
microns), i.e., the wavelength of light emitted by the 
ND: YAG ions during relaxation between the upper and lower 
lasing levels. When this signal is supplied to the 
25 crystal 44 by the coupler 10 (Figure 9), it will trigger 
the emission of stimulated photons at the same frequency, 
coherent with the signal, and the signal is thereby 
amplified. Thus, the passage of light at this frequency 
will cause a photon emitting relaxation between the upper 
30 lasing level and lower lasing level of Figure 11A, in 
phase with the light signal to be amplified, yielding an 
effective gain for the input light signal. 

The gain which can be achieved in the amplifier of 
this invention is dependent upon the density of the 
35 inverted neodymium ion population within the ND: YAG 
. . »kd niHmahA inversion Dopulation 



is limited by the lattice structure of the YAG material 44 
itself since in ND: YAG material, some yttrium atoms are 
replaced with neodymium atoms in the crystal lattice. 
b only approximately 1 yttrium atom in each 100 yttrium 
> atoms may be replaced by a neodymium ion without 
distorting the lattice structure on the ND : YAG material. 

Theoretical calculations of the small gain signal (g 0 
of the amplifier of this invention can be made, using the 
relation g Q - r «aH. where is the stimulated emission 
relation g 0 w ^ . g , and , M is the 

0 cross section, for ND : YAG , 8.8 x cm , ^ 

population inversion density given by: 
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P D "iVsp (1) 

v Hv 



f$ where Pp. is the absorbed pump power, V is the crystal 
volume and thus, P P /V is the absorbed pump power per unxt 
0 of fiber volume, t sp is the spontaneous radiative 
(^lifetime, that is. the 230-microsecond fluorescence 
relaxation time of the neodymium ions, qU is the 
effective spectral overlap of pump output with an ND.YAG 
r absorption line, as shown in Figure 10, ^ is equal to 
^fethe quantum efficiency of 1.06-micron fluorescence, namely 
h 0.63, and bfc-i. equal to the energy of one pump photon. 
Combining the above relationship provides. 



\>>lN30 g 0 = o \T 



(2) 



for the dependence of gain on pump power. It should be 
3S recogni ,ed that the value P p ^^Tl^Z^Zl 



not necessarily increase the gain. Thus, if the pumping 
radiation from the source 42 is coupled completely to the 
ND: YAG crystal 44, and travels in the crystal 44 a 
distance which is sufficient to permit this crystal 44 to 
5 nearly completely absorb the pumping radiation, then the 
value P p in this equation may be replaced by the input 
power level. To obtain the net gain, however/one must 
subtract from g 0 the propagation losses within the ND: YAG 
crystal 44 at pe microns. A loss of 100 db per 
100 kilometer would "reduce the aain by only Q.OOl-^p^er 
centimeter. Thus, if the overall length of the crystal 44 
can be maintained relatively short, while still absorbing 
substantially all of the input pump power, the propagation 
losses within the amplifier can be maintained at a low 
15 / level. 

Detailed Operation of the Amplifier 
^ Referring again to Figure 9, the pumping source 42 
coupled to the fiber 12A at the port A of the coupler 10, 
through the multiplexing action of the coupler 10, 
20 provides pumping illumination for the ND: YAG crystal 44. 
The pumping source 42 may be, for example, a long-life 
^ LED, such as those currently available which operate at a 
> current density of approximately 1,000 amps per cm 2 and 
->have a radiance of approximately 5 watts per sr. cm 2 . In 
25 a fact ' some LEDs have been reported with a radiance of 
J approximately 50 watts / sr. / cm 2 . Because of the size 
differential between the sinale mode fiber 12A and these 
LEDs, a lens may be useful in focusing the output of the 
LED source into the fiber 12A. 
30 Alternatively, the pump source 42 may be a laser diode 

which permits even higher concentrations of pump power in 
the fiber 12A and thus in the ND : YAG crystal 44. 

Regardless of the type of pumping source 42 utilized, 
the efficiency of the system will be enhanced if the 
35 wavelength of the radiation from this source 42 
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NDxYAG crystal 44, shown in Figure 10. Electroluminescent 
diodes are commercially available with appropriate dopings 
to emit spectra in the^.8 micron range which match quite 
well the absorption spectrum of room temperature ND: YAG 
5 material. For example, commercially available GaAlAs LEDs 
provide radiation spectra which are strong at the .8 
micron region. Similarly, laser diode structures are 
commercially available which emit energy over the^.8 to 
•85 micron range. In addition, the pump wavelength should 
10 be as close to the signal wavelength as allowed by the 
spectroscopy of the ND: YAG, to maximize the overall 
pumping efficiency. 

It will be recalled that the lasing frequency of the 
ND; YAG material of the crystal 44 is ^« 06 micron. The 
15 multiplexing coupler 10 is thus fabricated for use in this 
invention to provide virtually complete coupling at the 
wavelength of the pumping source 42 ,£.8 microns in the 
above example, while providing substantially no coupling 
9 at the lasing frequency of the ND: YAG crystal 44, 1.06 
20 microns in this same example. ^ 

This selective coupling is accomplished, in accordance 
with the techniques described above, by properly selecting 
the fiber spacing H to yield a large wavelength dependence 
for wavelengths between Q.% microns and ^.06 microns, and 
25 then by selecting a radius of curvature for the fibers 
12A,12B which yields a resolution equal to the difference 
between 1.06 and^j.8 microns, or ^.26 microns. After the 
resolution of the coupler has been set in this manner, the 
coupler may be tuned, as previously described, to adjust 
30 the coupling length for the wavelengths 8 microns and 
1^,06 microns so that the effective interaction length is 
an even multiple of the coupling length for one of this 
pair of wavelengths and an odd multiple of the coupling 
length for the remaining wavelength. In the example shown 
35 in Figure 9, since it is desired to couple the output of 



interaction length for the coupler should be adjusted to 
be an odd multiple of the coupling length at the 
wavelength of the pump source 42, i.e.,j^. 8 microns, and to 
be an even multiple of the signal frequency ^* 06 
5 microns. This will result in a complete coupling of the 
illumination from the pump source 42, from the fiber 12A 
into the fiber 12B, with essentially no coupling of the 
signal to be amplified from the fiber 12B to the fiber 
12A. It will be understood, of course, that no coupling 

10 in this instance means an even number of complete 
couplings so that, for example, if the effective 
interaction length at the region 32 is twice the coupling 
length at 1.06 microns, the signal to be amplified will be 
coupled two complete times, once from the fiber 12B to the 

15 fiber 12A, and then from the fiber 12A to the fiber 12B. 
If this signal enters the coupler at port C, as shown on 
the left of Figure 9, it will exit uncoupled at port D. 
However, at port D, the signal to be amplified will 
coexist with light from the pumping source 42, which will 

20 be completely coupled from the fiber 12A to the fiber 12B. 

Since light from the pumping source 42 will be 
transmitted along the fiber 12B, after coupling, this 
pumping illumination will invert the neodymium ions in the 
ND:YAG crystal 44. Thus, a signal, which is injected at 

25 port C and exits, uncoupled, from port D, will be 
amplified in the manner previously described as it passes 
through the crystal 44, since this signal will excite 
spontaneous lasing relaxation of the ND:YAG material of 
the crystal 44, which lasing relaxation will provide light 

30 coherent with the signal to be amplified. 

The amplifier of the present invention therefore 
provides a convenient means to transfer pumping 
illumination from the pump source 42 by wavelength 
dependent coupling to the ND:YAG crystal 44, while 

35 . prohibiting coupling of the signal to be amplified from 



that the results achieved in the present invention may 
a also be realized using a coupler in which the coupling 
'/efficiency at the pumping illumination wavelength is 0%, 
while the coupling efficiency at the light signal 
5 wavelength is 100%. In this case, the pumping source 
would be coupled to port C of the coupler 10, while the 
input light signal to be amplified would be coupled to 

ci/r port A * • 

Bidirectional Symmetry 

10 Fin order to make the amplifier symmetrically 
bidirectional, a pair of pump sources 42,48 should be 
utilized, as shown in Figure 12, along with a pair of 
multiplexing couplers 50,52. It will be understood that, 
if such bidirectional s Y]yA e }f& is not necessary, either of 

y£> the pump sources 5&rtt wfri invert ions at one end of the 
ND: YAG crystal 44 and will thus yield gain for signals 
transmitted in either direction in the crystal 44. 

If only one of the pump sources 42,48 is utilized, it 
should be recognized that the ND: YAG crystal 44 will not 

20 be uniformly illuminated. Thus, the inverted population 
of neodymium ions will not be uniformly distributed along 
the length of the crystal 44. Because this non-uniform or 
non-symmetrical state within the amplifier may yield 
different gain for signals input at the fiber 54, than for 

25 signals input at the fiber 56 (particularly when these 
signals occur simultaneously), it is advantageous to 
utilize the pair of sources 42,48. 

The phenomenon of dissimilar gain for signals 
traversing the fiber crystal 44 in different directions 

30 with a non-symmetrical inversion population of neodymium 
ions occurs as follows. It will be recognized that, as a 
signal to be amplified propagates from left to right in 
the crystal 44 .o^^gure 12, it will trigger the emission 
of stimulated flSSgjg gfr within the ND: YAG crystal 44. Such 

35 triggering emission, of course, lowers the inversion 
Dooulation within the rrvsfal AA. Tf. fnr- ovmnnlp. in a 




gyroscope, a pair of waves propagate simultaneously 
through the crystal 44 in opposite directions, the signal 
input at the left end will deplete the inversion 
population adjacent this end before the signal input at 
5 the right end arrives at the left end of the crystal 44, 
as viewed in Figure 12. If the inversion population is 
higher at the left end of the crystal 44, than at the 
right end, as would be the case if only the pump source 42 
were utilized, the signal input at the left will undergo a 

10 greater amplification, since it will deplete the inversion 
population before the signal which is input at the right 
end arrives at the high density left end. 

It should also be recognized that the pumping 
illumination supplied by the pump sources 42,48 should be 

15 sufficient, on a continuing basis, to replace the depleted 
population within the crystal 44 which occurs when the 
signals are amplified. Thus, for example, in a gyroscope 
where a pulse signal circulates through a kilometer of 
fiber, a counter-propagating signal will traverse the 

20 amplifier, shown in Figure 12, approximately once each 5 
microseconds. If continuous pump sources 42,48 are used, 
they should provide sufficient output so that, during each 
5-microsecond period, they are capable of reinverting the 
neodymium ion population which is relaxed during each 

25 successive traverse of the signals to reinvert a 
population equal to that which has relaxed, such that the 
amplification factor or gain of the amplifier will remain 
relatively constant. 

As will be recognized from the above-description, a 

30 proper selection of fiber spacing and radius of curvature 
will yield a coupler which permits pumping sources 42,48 
to illuminate the crystal 44 to invert the neodymium 
population therein. With a proper selection of the 
coupler parameters, the signal to be amplified is not 

35 coupled from the fibers 54,56, and thus traverses the 

Crvstal 44 tn ha «mnl i f i ori h\r of -i m .. l 4 ~- „i *e 
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neodymium ions in the crystal 44 which produces light 
coherent with the signal to be amplified. 
Signal Insertion 

P Referring now to Figure 13, a system arrangement is 
shown in which the multiplexing properties of a pair of 
couplers 58,60 is used to permit a pumping source 42 to 
illuminate the ND: YAG crystal 44 while also permitting an 
injection of signals into a recirculating fiber optic 
system. In this instance, for example, it may be assumed 
that the fiber ends 62,64 are a part of a recirculating 
fiber loop and that the system, in addition to supplying 
pumping illumination for the crystal 44, to amplify 
signals circulating in this loop, must supply signals for 
injection into the loop. 
15 in the system shown in Figure 13, the coupler 58 is 

arranged to couple light wavelengths from the illumination 
source 42 with a coupling efficiency of J00%, while 
leaving the input signal at an input fiber 66 effectively 
uncoupled. This will yield a combination signal on the 
fiber segment 68 which includes both the pumping 
illumination from the source 42 and the input signal from 
the fiber 66. If the characteristics of the coupler 60 
are properly selected in the manner described above, and 
this coupler 60 is properly tuned, the coupler 60 may be 
25 arranged to couple jkQ0% of light wavelengths from the 
pumping source 42 but ^only U of wavelengths at the signal 
input from the fiber segment 68. Thus, ^ of the input 
signal from the fiber segment 66 will be injected into the 
fiber recirculating loop and will initially be transmitted 
30 through the crystal 44 to the fiber segment 64 for 
recirculation. At the same time, 100% of the pumping 
illumination from the source 42 will tie injected into the 
end of the crystal 44 to provide amplification for the 
recirculating signal. 
35 When this recirculating signal appears at the fiber 
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coupler 60 and this ( J % may supply an output for a sensor 
70 to monitor the recirculating light. The remaining 99* 
of the recirculating light signal will be injected into 
the crystal 44 from the coupler 60, for reamplif ication 
and recirculation within the fiber loop. This system, 
therefore, with the use of two couplers 58,60, provides 
continuous sensing of the light circulating in the fiber 
loop, signal injection into the loop, and continuous 
pumping for the amplifying crystal 44. The coupling 
efficiencies provided above are exemplary only, but it 
should be recognized that the coupling efficiency of the 
coupler 60 should be maintained relatively low at the 
wavelength of the signal propagating in the loop so that 
only a small portion, smaller than the amplification added 
15 to the signal at the crystal 44, is subtracted from the 
QjLvJf recirculat ing signal by the coupler 60. 
Summary 

FThe combination of the multiplexing coupler with an 
ND: VAG amplifying crystal permits end pumping of the 

20 amplifying crystal with simultaneous signal injection at 
the end of this fiber so that the pumping illumination 
need not be carefully timed with respect to the signal to 
be amplified. Symmetrical bidirectional amplification is 
possible and signal injection using the same multiplexing 

25 coupler may be achieved. 
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